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In this study, green home-made synthesized copper oxide (CuO) nanoparticles are employed as photocathodes in
the form of gas diffusion electrodes (GDEs) for the continuous photoelectrochemical (PEC) conversion of CO2
into valuable products, including methanol and ethanol. CuO nanoparticles synthesized using plant extracts from
Salvia rosmarinus (CuO-R), Laurus nobilis (CuO-L), and Origanum vulgare (CuO-O) are prepared in a green, sus-
tainable manner, leveraging the phytochemicals in these plants for nanoparticle formation and stabilization. The
eco-friendly synthesized CuO-based photocathodes are then prepared by an automated spray pyrolysis deposition
technique and comprehensively physico-chemically, optically, and photoelectrochemically characterized,
revealing enhanced photocurrent densities and promising product selectivity for CO9 reduction to alcohols under
visible light irradiation. Among the eco-synthesized photocathodes, CuO-R exhibited the highest PEC activity,
achieving a Faradaic efficiency exceeding 66 % for methanol, with an energy efficiency of 39.2 %, while
requiring a minimized external potential of —0.37 V (vs. RHE), lower than that for the chemically synthesized
catalyst (CuO-P). Post-reaction analysis further confirmed that CuO-R maintained its structural integrity after
continuous operation, reinforcing its superior stability and PEC efficiency. These results demonstrate that green
synthesis pathways provide a sustainable and efficient approach to developing high-performance photocathodes
for PEC CO» reduction, offering promising potential for scalable solar-driven carbon conversion technologies.

overall energy consumption or catalyst stability, among others [5].
Although the electrochemical (EC) conversion of CO» to value-added
products has been widely studied in literature, it suffers from several

1. Introduction

Escalating levels of CO; in the atmosphere caused by human activ-

ities is a significant challenge nowadays due to their contribution to
global warming and environmental instability [1,2]. To address these
issues, various strategies have been proposed, including the use of car-
bon capture, storage and utilization (CCSU) technologies, sustainable
agricultural practices, and the adoption of sustainable energy sources.
Among them, the conversion of captured CO5 into valuable products,
which offers a dual solution of reducing emissions and promoting sus-
tainable energy production in the form of chemical bonds, emerges as a
sustainable solution for climate change mitigation and energy genera-
tion alternatives [3,4]. However, several challenges must be addressed
before the commercialization of CO5 conversion technologies, including
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critical bottlenecks that limit its commercial viability. One of the pri-
mary challenges is the high energy demand, as the CO, molecule is
highly stable, requiring significant overpotentials to drive the reduction
reaction. This often necessitates substantial external energy input, as the
reaction requires more energy to proceed than is retained in the
resulting products [6]. However, photoelectrochemical (PEC) systems
offer a potentially more sustainable alternative by harnessing sunlight as
an energy source, which can lower energy requirements compared to
conventional EC approaches [7-9]. The challenges of poor selectivity in
EC and PEC processes for COy conversion, however, significantly
complicate the production of desired products. Both methods often yield
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a mixture of byproducts, necessitating complex and costly separation.
Besides, the competition between the hydrogen evolution reaction
(HER) and CO; reduction further complicates product selectivity [10,
11]. By leveraging sunlight in PEC processes, energy requirements can
be minimized, potentially reducing HER interference and enhancing
selectivity for CO2z conversion products [12]. Moreover, catalyst stability
is a major concern, as many catalysts degrade over time due to harsh
reaction conditions, leading to a decrease in performance and the need
for their frequent replacement or regeneration [13,14].

PEC systems can be configured in different ways, including tandem
or single-cell setups, each with unique advantages for CO: reduction.
Among these configurations, the photocathode/dark anode setup is
particularly promising [15]. In this configuration, the photocathode
harnesses sunlight to drive CO2 reduction, while the dark anode facili-
tates oxidation reactions, offering a simplified design and reduced en-
ergy requirements by selectively targeting the reduction of CO2 on the
photocathode side. The challenge of simultaneous CO5 reduction and
light absorption on the same surface in PEC systems can significantly
hinder reaction efficiency due to competition between these processes.
Addressing this issue involves innovative strategies in photocatalyst
design and interface engineering to optimize process performance [16].
Efficient photocathodes are not only critical for light absorption, but
also for promoting selective CO5 conversion into specific fuels, while
minimizing the production of undesired byproducts [17]. Current
research has been focused on improving the performance of photo-
cathode materials by enhancing their efficiency, selectivity, and stability
to enable practical, large-scale PEC technology implementation [18].
Various materials, such as TiO, and copper oxides have been explored
for achieving high photocurrent densities and improved product selec-
tivity towards valuable CO5 reduction products like methanol, ethanol,
or formate [19-21]. Additionally, advancements in non-noble metal
catalysts and photovoltaics-assisted PEC systems have contributed to
overcoming the efficiency limitations and cost barriers for practical PEC
CO;5 reduction [22]. Among the possible materials, CuO represents a
promising photocathode material for PEC applications due to its favor-
able band structure, abundance, low cost, and stability under PEC con-
ditions [23,24]. CuO nanoparticles offer high surface-to-volume ratios,
tunable characteristics, and enhanced catalytic activity, improving the
performance of photocathodes in CO, reduction reactions [25]. Addi-
tionally, its broad visible light absorption spectrum makes it well-suited
material for solar-powered devices [24]. To optimize the structural,
optical, and electrochemical properties of CuO photocathodes, precise
control over their synthesis is crucial for achieving an efficient perfor-
mance [26]. By carefully tailoring the synthesis methods and conditions,
CuO photocathodes can be engineered to maximize their effectiveness in
various PEC applications [27,28].

While various materials and synthesis strategies, such as hydro-
thermal methods [29], sol-gel synthesis, and electrodeposition [30],
have been explored to enhance the performance of photocathodes for
PEC CO; reduction, the development of eco-friendly and sustainable
synthesis methods still remains underexplored [31,32]. Green synthe-
sized CuO nanoparticles have already shown promise in a wide number
of applications, such as photocatalytic industrial dye degradation and
antibacterial activity [33-35]. However, their use in photo-assisted CO-
conversion remains largely unexplored, and this study seeks to investi-
gate this application for the first time, as far as the authors know. Pre-
vious studies have shown that green synthesized nanoparticles have
higher stability and catalytic activity, both of which are essential for PEC
systems to function properly in the long term [36]. The application of
extracts from Salvia rosmarinus, Laurus nobilis, and Origanum vulgare
specifically takes advantage of their distinct phytochemical profiles,
which could give the CuO NPs additional advantageous characteristics.
In the green synthesis process, electron absorption and donation from
plant extracts leads to the reduction of copper ions, which encourages
nanoparticle formation [37]. Reactive plant chemicals then induce
oxidation and a tertiary coating, stabilizing the nanoparticles and
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avoiding agglomeration [38]. For example, Salvia rosmarinus contains
rosmarinic acid and diterpenes, which prevent nanoparticle aggregation
and increase their reactivity [39,40], while Laurus nobilis contributes
tannins and essential oils that enhance nanoparticle stability [41,42].
Origanum vulgare, rich in thymol and carvacrol, further stabilizes the
nanoparticles and may enhance their catalytic activity [43,44].

In this study, we introduce a novel application of green synthesized
CuO NPs as photocathodes in PEC systems, utilizing plant extracts such
as Salvia rosmarinus, Laurus nobilis, and Origanum vulgare to achieve
tunable properties, offering a sustainable and effective alternative to
traditional synthesis routes [45]. The key point in this study is the use of
these eco-friendly synthesis techniques, leveraging the natural reducing
agents and stabilizers found in the plant extracts to evaluate the catalytic
activity and stability of the synthesized CuO catalysts as photocathodes
for the continuous conversion of CO5 to alcohols under visible light
irradiation [46-48]. This method aligns with the principles of green
chemistry, eliminating the use of hazardous chemicals, reducing envi-
ronmental impact, and improving scalability [49,50].

In pursuing this research, our goal is to drive innovation in sustain-
able materials for renewable energy applications and contribute to
global efforts to mitigate CO5 emissions and promote the transition to a
circular economy. By demonstrating the efficacy and sustainability of
CuO photocathodes synthesized using plant extracts, we hope to pave
the way for more eco-friendly and efficient PEC systems for CO;
reduction.

2. Materials and methods
2.1. Synthesis of CuO nanoparticles

Chemical synthesis:

A 200 mL 1 M aqueous solution of copper(Il) sulphate pentahydrate
(CuSO4, 5H20, Sigma-Aldrich, >99 % purity) is prepared for the
chemical production of CuO NPs, and it is placed on a hot plate pre-
heated to 70°C. The copper sulphate solution is then vigorously stirred
and dropped wise mixed with a 200 mL 2 M aqueous solution of sodium
hydroxide (NaOH) until pH reaches 6-7. Immediately, a significant
amount of black precipitate formed. After centrifuging the precipitate,
distilled water is used to wash it three times. To increase purity, the
resultant copper oxide nanoparticles are dried and then annealed for two
hours at 450 °C in an air furnace following a previously reported pro-
cedure [51].

2.2. Plant-extract mediated synthesis

In brief, 20 g of dried leaf powder from Salvia rosmarinus, Laurus
nobilis, and Origanum vulgare, sourced from Northern Morocco, a region
characterized by its unique biodiversity and favorable climatic condi-
tions [52], are combined with 150 mL of deionized water, and heated to
60 °C for approximately 30 min in order to produce the respective plant
extracts. After forming, the crude extracts are filtered using Whatman
No. 1 filter paper. Afterwards, 10 mL of the extract are added dropwise
to 200 mL of 5 g solution of copper(Ill) sulphate pentahydrate
(CuS04.5H20, Sigma-Aldrich, >99 % purity). After the extract’s addi-
tion, the mixture is heated to 80 °C for two hours while being constantly
stirred at 400 rpm using a magnetic stirrer. The solution’s color steadily
changed from blue to green, dark green, brown, and dark brown over
various time intervals, signifying the reaction’s completion after some
intermediate stains. The solution is centrifuged for 15 min at 6000 rpm
and subsequently, the NP are repeatedly cleaned with double-distilled
water to get rid of any remaining biological material. Finally,
black-powder CuO NPs are annealed for two hours at 800 °C in air to
improve crystallinity [53]. A schematic representation of the proposed
mechanism of green synthesized CuO NPs is displayed in Fig. 1.
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Fig. 1. Proposed mechanism of CuO NPs green synthesis via copper sulfate and plant extract interaction.

2.3. Photocathode preparation

The automated fabrication of the photocathodes is performed using
an automated spray pyrolysis system (Fig. S1), specifically designed for
precise control and repeatability, ensuring uniform application of the
catalytic ink. Specifically, the porous Toray carbon paper support (TGP-
H-60) is coated with a uniform layer of prepared catalytic ink in a gas
diffusion layer (GDE) structure. This ink is composed of a blend of iso-
propanol (Sigma Aldrich, 99.5 %), a Nafion ® solution (Alfa Aesar, 5 %
by weight, polytetrafluoroethylene copolymer), and the synthesized
CuO NPs. After sonicating the resultant dispersion for at least thirty
minutes, a homogenous suspension is formed and applied onto the
carbon paper substrate. The optimal spray pyrolysis conditions include a
nozzle height of 33 mm, a step distance of 1 mm, and an ink flow rate of
20 mL.h~! To ensure that all solvent had evaporated, the air brushing
procedure is conducted at a temperature of 70 °C. A final loading of
1 mg em 2 is achieved by continuous weighing during the continuous
accumulation of layers [54].

The photocathodes tested in this study, their nomenclature, synthesis
methods, and the plant extracts used are summarized in Table 1.

2.4. Material characterization

CuO NPs characterization: A QUATTRO SFEG-Thermofisher scien-
tific scanning electron microscope coupled with Energy Dispersive X-ray
spectroscopy (SEM-EDS) is used to observe particle size and external
morphology of the particles using an accelerating voltage of 15 kV and a
working distance of 10 mm. Fourier transform infrared (FTIR) spec-
trometer (PerkinElmer, Inc. Waltham, MA, USA) was used to obtain FTIR
spectra of all samples. The crystallinity and chemical composition is

Table 1
CuO-based photocathodes tested and their nomenclature, synthesis method, and
plant extract used.

Photocathode nomenclature  Synthesis method Plant extract used

CuO-R Green synthesis Salvia rosmarinus (Rosemary)
CuO-L Laurus nobilis (Laurel)
Cu0-0 Origanum vulgare (Oregano)
CuO-P Chemical synthesis ~ None

assessed using an Empyrean reflection-transmission spinner diffrac-
tometer (Malvern Panalytical Ltd., Malvern, UK) with a X-ray tube
equipped with an anticathode of Cu. The diffractograms are obtained by
scanning over an angular range between 10.04° and 79.94° (20), with a
step size of 0.066° and a scan step time of 113.20 s.

Photocathodes characterization: XRD data of the fresh and used
surfaces were carried out using a PANalytical X'Pert PRO diffractometer
equipped with Cu Ko radiation (A = 1.5406 A) at room temperature. The
instrument was operated at 40 kV and 40 mA and diffraction data were
collected in a 20 range of 5° to 70° with a step size of 0.02° using a
continuous scan mode. A PIXcel detector was employed. Scanning
electron microscopy (SEM) is conducted with a JEOL JSM-7000 F field
emission microscope, which features a Schottky-type electron gun,
secondary electron (SE) detector, backscattered electron (BSE) detector,
and Oxford’s INCA X-sight Series Si (Li) penta-FET energy-dispersive X-
ray spectroscopy (EDS) detector for spot, line, and mapping analysis.
SEM images are acquired both on the surface and on the cross section of
the selected fresh/used photocathodes at different magnifications. Both
secondary electron (SE) and backscattered electron (BSE) detectors are
utilized for generating images, with additional elemental mapping
performed using EDS. The laser absorptivity of the prepared surfaces is
assessed through diffuse reflectance spectroscopy (DRS). This analysis is
conducted over the 220-2200 nm wavelength range using a UV-Visible-
NIR JASCO 770-V spectrometer, equipped with an integrating sphere
coated with Spectralon and offering a spectral resolution of 1 nm. A
Spectralon reference is used for 100 % reflectance measurements, while
internal attenuators are employed to establish zero reflectance and
minimize background noise. For DRS measurements, photocathodes are
directly placed in the holder. The reflectance spectra obtained are con-
verted to Kubelka-Munk (K-M) units using the equation: F(R) = (1-Rc0)?
/ (2-Roo), where Roo represents the reflectance ratio of the sample to the
standard.

2.5. PEC cell description and experimental conditions

The continuous on-off PEC reduction of CO is carried out using a
modified commercial filter-press cell reactor (Electrocell, Denmark),
employing the prepared CuO as the photocathode, a platinized titanium
plate as the dark anode, and an Ag/AgCl (sat. KCl) reference electrode
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assembled close to the cathode (Fig. S2). A Nafion 117 cation-exchange
membrane is utilized as compartment separator. A 0.5M KHCO3
aqueous solution is used as catholyte and anolyte, which are pumped to
the cell by two peristaltic pumps (Watson Marlow 320, Watson Marlow
Pumps Group) at 30 mL-min—'. A visible LED light (100 mW-cm2) is
used to illuminate the photocathode (geometric area — 10 cmz). In this
study, the filter-press system possesses three inputs (catholyte, anolyte,
and CO, separately) and two outputs (catholyte-CO-reduction products
and anolyte), which make possible the formation of a gas—solid-liquid
interface for the continuous reduction of CO; in the gas phase, with a
CO,, flow rate of 200 mL-min .

For PEC characterization, each photocathode is subjected to a
chronoamperometry (CP) for 30 min at a constant voltage of -1.8 V (vs.
Ag/AgCl), using an AutoLab PGSTAT 302 N (Metrohm Hispania). Once
the photocurrent obtained is stabilized, Linear Sweep Voltammetry
(LSV) analyses are performed between -2.2 and -0.8 V (vs. Ag/AgCl), at
a scan rate of 10 mV-s 1), Additionally, sets of Cyclic Voltammetry (CV)
are performed between 0 and 2V (vs. Ag/AgCl) at a scan rate of
100 mV-s! to evaluate the electrochemical response of the different
photocathodes. A potentiostat (AutoLab PGSTAT 302 N) is used to
control the applied potential (E) and measure the generated current
density (j) during PEC characterization tests [55].

The measured potential V versus Ag/AgCl was converted to the
reversible hydrogen electrode (RHE) scale according to the Nernst
equation:

Epup =  Eagiaga+0.059pH+  Eypnecy

where ERHE is the converted potential versus RHE, E;g /agcl = 0.1976 at
25 °C, and Epg/agc is the experimentally measured potential against Ag/
AgCl reference.

The experiments for PEC CO5 reduction in continuous mode are
performed by duplicate during 60 min at constant current density of
—10 mA-cm ™2, both under dark and light operation. Liquid samples are
taken at the reactor outlet every 15 min to measure the concentration of
products obtained in each experiment. A final average concentration is
calculated for each test. Values that are two times lower/higher than the
average value are discarded. The production of alcohols is analyzed
using a gas chromatograph (GCMSQP2010 Ultra, Shimadzu) equipped
with a flame ionization detector. The production of formate is measured
via ion chromatography (IC, Dionex ICS 1100).

The performance of the process is evaluated by the following in-
dicators [55]:

— The production rate (r), which represents the formation rate for each
product per unit of area and time (umol-m 2 s™1):

r—NF
A

where Ny is described as the molar flux of the product (pmol-s~1) and
A is the photocathode geometric area (mz).

— Reaction selectivity (S), which is defined as the proportion of the
reaction rate for a specific product relative to the cumulative reac-
tion rates for all products:

S— T'specific product

Tiotal

Where T'pecific produc: 1S the production rate of the target product, and
T'oral 1S the sum of production rates for all detected products.

— The Faradaic Efficiency (FE), defined as the percentage of the total
charge applied to the system that is actually used to produce any
target reduction:

aF
FE(%) = ’77 % 100
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where  is the theoretical number of electrons exchanged to form the
target product, 5 is the number of moles produced, F represents the
Faraday constant (96485 C.mol’l), and @ is the total charge (C)
applied in the process.

— Energy Efficiency, EE, which describes the amount of the total sup-
plied energy that is employed in the conversion of CO into each
target product:

Er

Cathode

EE(%) = FE

where Er is the theoretical potential for CO, reduction to products (V),
and Ecgpoqe represents the cathodic potential (V).

3. Results and discussion
3.1. Characterization of synthesized CuO NPs

The PXRD patterns (Fig. 2.) confirm that the green synthesized
copper oxide nanoparticles (CuO-R, CuO-L, and CuO-0) exhibit the
monoclinic phase of CuO (tenorite, ICDD PDF No. 01-080-1268), as
evidenced by the characteristic diffraction peaks at 20 values around
32.5°, 35.5°, 38.7°, and 48.8°. These results indicate high crystallinity
across the green synthesized samples. In contrast, the PXRD pattern of
the chemically synthesized CuO-P shows additional peaks correspond-
ing to a copper sulfate hydroxide (Cus(SO4)(OH)4), commonly known as
antlerite (PDF No. 01-076-1621), as well as traces of sodium sulfate
(Na2S04, thenardite, PDF No. 00-001-1009), indicating the presence of
impurities, formed as byproduct during the chemical synthesis process
under the applied conditions. This confirm that the CuO-P sample con-
sists of mixed phases, while CuO remains the dominant component. The
absence of secondary phases in CuO-R, CuO-L, and CuO-O underscores
the ability of green synthesis to produce phase-pure CuO nanostructures,
highlighting a major advantage of plant-mediated approaches.

The FTIR spectra (Fig. 3a.) display key peaks indicative of CuO for-
mation across all samples, with distinct differences in the eco-friendly
versus chemically synthesized nanoparticles. The peaks between 400
and 600 cm™! correspond to Cu-O stretching vibrations, confirming the
presence of CuO in all samples [56,57]. The peak around 1050 cm™,
observed in all eco-synthesized (CuO-R, CuO-L, and CuO-O) samples,
may be attributed to C-O stretching vibrations of residual alcohols,
phenols, or ether groups, or C-N vibrations from amine-containing
compounds [58]. These residues are likely derived from the plant ex-
tracts used during synthesis and may remain partially bound to the

O : Cuy(SO,)(OH), ——Cuo-P
V:cuo g:gf
+ :Na,SO, \v/ v CuOR
¢ 00 g 400 o o oV V vV VV gy
A\
el %
: ‘) BOUIET
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10 20 30 40 50 60 70 80
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Fig. 2. PXRD patterns of prepared CuO-R, CuO-L, CuO-O, and CuO-P pow-
der catalysts.
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Fig. 3. Morphological and chemical characterization of CuO catalysts. (a) FTIR spectra of synthesized CuO NPs, (b) EDS mapping of CuO-R NPs, (c) — (f) SEM images

of CuO-R, CuO-L, CuO-O, and CuO-P catalysts respectively.

nanoparticle surface, even after thermal treatment. While such organic
moieties are often considered impurities, previous studies have shown
that certain plant-derived compounds can act as reducing and stabilizing
agents during nanoparticle formation, influencing surface chemistry and
morphology [59,60]. The presence of residual phytochemicals might
contribute to surface passivation or alter surface states, potentially
affecting PEC performance. In the case of the chemically synthesized
sample (CuO-P), the band around 1090 cm™ can be ascribed to S-O
stretching vibration modes originating from sulfate impurities, which
are commonly observed around 1150-1000 cm™ [61].

The EDS spectrum (Fig. 3b.) shows strong signals for Cu and oxygen
(0), confirming the presence of CuO NPs. The weak carbon (C) signal
observed in green-synthesized samples is consistent with FTIR findings
and supports the presence of residual organic compounds. The chemi-
cally synthesized sample (CuO-P) displays other minor elements such as
sodium (Na) and sulfur (S), (Fig. S3).

The SEM images (Fig. 3c-d.) reveal distinct size and morphological
characteristics of CuO NPs synthesized via both green synthesis and
chemical methods. CuO-R particles, averaging 139 nm, exhibit a rela-
tively uniform and well-defined shape, suggesting controlled formation,
possibly stabilized by phytochemicals like rosmarinic acid from Salvia
rosmarinus [62]. CuO-L (Laurus nobilis), with an average size of 80 nm,
appears in denser clusters, indicating a more compact morphology that
could increase surface area [63]. CuO-O particles (~115 nm), synthe-
sized with Origanum vulgare, display an irregular, rod-like morphology,
likely due to the influence of phytochemicals such as thymol and
carvacrol, which may promote anisotropic growth. Such a structure
might enhance light absorption but potentially reduce the stability [64].
In contrast, the chemically synthesized CuO-P, with an average size of
37 nm, shows smaller and highly uniform particles. This difference can
be attributed to the absence of specific phytochemicals present in plant
extracts, which influence particle growth and aggregation [65,66]. As a
result, the chemical synthesis method produces more homogeneous and
finer particles compared to the eco-friendly methods.

These morphological differences align with the HPLC results ob-
tained from aqueous extracts (Tables S2-S4), which revealed distinct
phytochemical profile for each plant. S. rosmarinus contained high levels
of rosmarinic acid and luteolin, both known to facilitate nucleation and
stabilize particle dispersion [67]. O. vulgare extract is rich in caffeic acid,
and flavonoid aglycones, which promotes directional growth and sur-
face heterogeneity [68]. In L. nobilis, catechins and rutin may have
contributed to particle condensation and surface compaction [69]. This
correlation between phytochemical composition and nanoparticle
morphology supports the critical role of plant-derived polyphenols in
modulating green nanoparticle synthesis.

The green synthesis led to well-defined CuO nanostructures with
distinct morphological and surface characteristics. The CuO-R, CuO-L,
and CuO-O samples exhibited larger particle sizes compared to the
chemically synthesized CuO-P, likely due to the presence of residual
phytochemicals acting as natural capping agents. The annealing step at
800°C in air ensured the complete transformation of precursor phases
into well-crystallized CuO and the removal of most organic residues
from plant extracts. However, minor traces of plant-derived mineral
impurities (such as aluminosilicates or calcium sulfate) are still detected
on the electrode surface. The residual presence of phytochemical-
derived organic compounds, even after calcination, may also
contribute to the surface passivation and influence the optical absorp-
tion properties, potentially enhancing charge separation during PEC
operation [70,71]. Such differences in nanoparticle distribution and
surface morphology are known to influence the availability of active
sites. As reported in literature, nanoscale structuring and surface texture
can significantly impact CO, adsorption and product selectivity in
photocatalytic systems [72,73]. These observations support the pro-
posed biosynthesis mechanism (Fig. 1.), in which plant-derived flavo-
noids and polyphenols act transient reducing and stabilizing agents
during the nucleation and growth of CuO nanoparticles. While most
organic moieties decompose during 800°C annealing step [74,75], the
weak FTIR band around 1050 cm™! and minor carbon signal in EDS
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spectra are consistent with trace residuals. This indicates that plant
molecules primarily influence nanoparticle formation during early
synthesis stages, rather than remaining as stable surface-bound ligands.

3.2. Surface characterization of fresh GDEs

The X-ray diffraction (XRD) analysis of the four electrodes confirmed
the presence of the tenorite phase of CuO (ICDD PDF No. 01-080-1268,
space group C2/c) in all samples, demonstrating its successful integra-
tion into the GDEs, as can be seen in Fig. 4. In the chemically synthesized
CuO electrode (CuO-P-F), the CuO reflections are detected with rela-
tively low intensity, exhibiting only its two main peaks (at 20 values of
35.6 and 38.8°). Additionally, traces of copper sulfate hydroxide
(Cus(S04)(OH)4, Antlerite, PDF No. 01-076-1621) and sodium sulfate
(NaySO4, Thenardite, PDF No. 00-001-1009) are identified as byprod-
ucts of the chemical synthesis process. In contrast, the plant leaf-derived
CuO electrodes (CuO-R-F, CuO-L-F, and CuO-O-F) displayed more pro-
nounced CuO reflections, with multiple peaks visible, indicating a
higher amount of CuO present. As expected, in all GDEs the character-
istic peaks of graphite at 20 values of 26.6 and 54.6° (PDF No.
00-008-0415) and PTFE (polytetrafluoroethylene polymer, PDF No.
00-047-2217) from the carbon paper support are observed in all cases.
All the identification are made on the basis of the data retrieved from the
Powder Diffraction [76].

Scanning Electron Microscopy (SEM) analysis of the fresh (CuO-X-F)
and used (CuO-X-U) surfaces is conducted at various magnifications
using secondary electron (SE) and backscattered electron (BSE) de-
tectors coupled with energy-dispersive X-ray spectroscopy (EDS) for the
generation of the images (Fig. S5-524).

As a representative example of GDEs prepared from plant leaf-
derived CuO, Fig. 5a. displays SE images at 1kX magnification of the
CuO-L-F electrode surface, along with a BSE image and EDS mapping of a
selected area. The surface appears mainly covered by CuO particles
exhibiting broad size polydispersion, from nanometric sized particles
(50-100 nm) to micrometric ones (1-3 pm). This size range is broadly
consistent with the particle sizes observed in the corresponding CuO
powders (Fig. 3.), confirming that the initial particle dimensions are
largely preserved after electrode fabrication, although localized clus-
tering is visible on the GDE surface, particularly in CuO-L and CuO-O.
Interestingly the EDS mapping of the surface revealed a minor pres-
ence of aluminosilicates (depicted as orange spots) ascribable to the soil
particles present in the employed dried leaf powder. Further details can
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Fig. 4. PXRD diffraction patterns of fresh CuO-P, CuO-R, CuO-L and CuO-
O-based prepared GDEs.
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be found in Fig. S7-S9. Similar features are found for CuO-O-F and CuO-
R-F electrodes (Fig. S10-S15), in which apart from aluminosilicate par-
ticles, few calcium sulfate crystallites are observed dispersed in the
matrix of copper(Il) oxide. It is important to note that calcium sulfate is
likely formed during the synthesis process due to the combined presence
of calcium (traces found in the pristine leaves) and sulfate ions (origi-
nating from the copper(II) sulfate reagent). The low solubility of this
compound hinders its complete removal during the washing step of the
synthesis product.

On the other hand, in CuO-P-F sample (Fig. 5b) CuO appears mainly
as micrometric crystallites (green colored), accompanied by a significant
amount of sodium sulfate hexagonal crystallites (purple colored) formed
as a by-product of the chemical synthesis.

Fig. 6. shows the UV-Vis-NIR absorption spectra of the four freshly
prepared photocathodes. All samples exhibit significant absorption in
the visible spectrum, confirming their potential for PEC applications
under visible-light irradiation [77]. Among them, CuO-O-F, CuO-R-F
and CuO-L-F show similar absorption profiles with an absorption onset
around 800 nm, consistent with CuO’s typical bandgap (~1.2-1.7 eV).
This suggests similar crystallinity and electronic properties for the sur-
faces prepared from CuO NPs obtained by plant extract [78]. CuO-P, in
contrast, displays a distinct absorption profile, with two apparent ab-
sorption edges in the visible region (~600 nm and ~800 nm), likely due
to the presence of other components apart from the CuO NPs (Cus(OH)
(SO4) and Na=SOas phases). Additionally, CuO-R-F’s lower annealing
temperature and so smaller particle size and more uniform nanoparticle
dispersion, as seen in SEM, may contribute to this modified
light-harvesting properties, which could influence its PEC performance
differently than the pure CuO electrodes. The SEM analysis (Fig. 5)
further supports these trends, showing variations in particle distribution
and morphology that can impact charge transport and recombination
rates [79].

Band gap values were not extracted from these spectra, as the pres-
ence of the carbon substrate and additional components limits the reli-
ability of Tauc analysis under these conditions [80,81]. However, the
intrinsic bandgap of monoclinic CuO is well established in the literature,
typically ranging between 1.2 and 1.7 eV.

3.3. PEC characterization

Fig. 7. displays the on-off performance of green synthesized CuO-
based photocathodes through chronoamperometry (CP), linear sweep
voltammetry (LSV), and cyclic voltammetry (CV) analyses. These tech-
niques were employed under fixed or sweeping voltage conditions to
evaluate photocurrent response and photoactivation behaviour,
whereas product formation and Faradaic efficiencies were assessed
separately under galvanostatic operation at a constant current density of
—10 mA-cm 2,

The CP data (Fig. 7a.) demonstrates the time-dependent current
density (j) response of the photocathodes under both illuminated and
dark conditions at a constant voltage of —1.18 V vs. RHE. As anticipated,
all photocathodes exhibit increased current densities when exposed to
light. Among them, CuO-R exhibits the highest photocurrent
(~-1.6 mA-cm™). This stable photocurrent response under constant
illumination supports the short-term operational stability of the photo-
cathodes. Such behaviour aligns with recent reports where
phytochemical-derived surface layers protected metal oxide nano-
structures under electrochemical stress by passivating defects and pre-
venting aggregation [82]. Similar evidence also shows that plant
metabolites can serve as effective capping and stabilizing agents during
green synthesis [83].

The substantial photocurrent of CuO-R can be directly attributed to
its favourable surface morphology and enhanced surface properties, as
evidenced by the combined powder and electrode characterizations
(Figs. 3 and 5). As shown in the powder characterization results (Fig. 3.),
CuO-R consists of relatively uniform, well-defined particles, stabilized
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Fig. 5. SEM images at 1 KX magnification (up), showing for the highlighted area BSE images (middle) and EDS mapping (down) at 5 kX magnification of (a) CuO-L-F

and (b) CuO-P-F electrode surfaces.
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Fig. 6. UV-Vis-NIR absorption spectra derived from Kubelka-Munk function for
prepared fresh surfaces.

by rosmarinic acid and other phytochemicals present in Salvia rosmar-
inus [84]. These phytochemicals act as natural reducing agents during
CuO formation, while simultaneously serving as capping agents, which
for CuO-R, effectively prevented excessive particle aggregation and
ensured the formation of well-dispersed nanoparticles with enhanced
crystallinity [85-87]. This observation is consistent with the surface
characterization of the CuO-R-F electrode, where a relatively homoge-
neous particle distribution with broad size polydispersity is observed,
confirming good dispersion during the spray pyrolysis process. The
phytochemical-derived surface stabilization observed in CuO-R con-
trasts with the denser particle clusters seen in CuO-L and the irregular
rod-like particles in CuO-O. For CuO-L, the more compact morphology
may lead to poorer charge separation, as the proximity of nanoparticles
may prevent effective electron transport across the photocathode [88,
89]. In CuO-O, the anisotropic, rod-like morphology, influenced by
thymol and carvacrol from Origanum vulgare, may enhance light scat-
tering, but at the cost of lower structural uniformity and reduced surface
stability [90]. These morphological differences directly affect the sur-
face charge transfer properties, ultimately impacting photocurrent
generation of these electrodes during PEC operation.

In contrast, the chemically synthesized CuO-P, with its smaller and
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more uniform particles, benefits from a highly homogeneous surface
(Fig. 3.), which contributes to decent photocurrent performance. How-
ever, the absence of phytochemical stabilizers and the use of different
reagents during their synthesis leaves CuO-P NPs more susceptible to
impurity incorporation, as evidenced by the presence of sodium sulfate
crystallites in the CuO-P-F surface (Fig. 5b.) [91,92]. These residual
impurities, originating from the chemical synthesis process, could
introduce localized defects that partially hinder charge transport
compared to the phytochemical-coated CuO-R.

The LSV curves (Fig. 7b.) further highlight these performance dif-
ferences, with CuO-R exhibiting both the most positive onset potential
and the highest photocurrent density under illumination. This superior
behaviour confirms the synergistic role of phytochemical-induced sur-
face properties, improved crystallinity, and enhanced light absorption,
all of which contribute to improved charge separation and PEC CO,
reduction efficiency [93,94]. To make the distinction between

Table 2
r and EE with and without illumination (j = -10 mA-cm2).

characterization and operational conditions, the onset potentials pre-
sented in Fig. 7b. were obtained under voltage-sweeping mode and serve
the photocurrent response and light activation behaviour of the photo-
cathodes. In contrast, product formation and FE were evaluated under
galvanostatic conditions, applying a fixed current density of —10
mA-cm~2, during which the operating potentials stabilized around
—0.37 V vs RHE (Table 2 and Fig. 8.). Therefore, product selectivity
reflects continuous PEC operation at constant current rather than the
LSV curves.

The CV data (Fig. 7c) further confirms the trends observed in CP and
LSV. Under dark conditions, CuO-R, CuO-L, and CuO-O exhibit minimal
catalytic activity, as evidenced by the low current densities reached.
However, upon illumination, significant increases in current density are
observed for all electrodes, with CuO-R demonstrating the highest
photoactivity. This reflects superior charge transfer dynamics and
enhanced photoelectrocatalytic activity, further confirming CuO-R as

CuO-NPs E (V vs RHE) r (umol-m2.571) EE (%)
HCOO CH30H C2HsOH HCOO CH3s0OH C,H50H
CuO-R Dark -0.99 70.9 + 4.8 211.9+12.5 21.2+22 3.3 27.8 4.9
Light -0.37 - 272.6 + 15.1 69.8 +3.7 - 39.2 18.1
CuO-L Dark —0.95 36.1 1.9 161.1 + 10 36.0 £2.3 1.9 24.6 9.8
Light —0.46 - - 31.8+3 - - 17.9
CuO-0 Dark —0.96 - - 49.1 £2.8 - - 8.2
Light —0.80 - - 74.8 £ 3.7 - - 13.9
CuO-P Dark —-0.90 43.4+3 - 82.1+£58 3.3 - 31.9
Light -0.75 50.6 + 3.3 - 1113.9 + 86 0.3 - 38.2
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Fig. 8. (a) FE of CO, reduction products for CuO-based photocathodes under dark (solid fill) and light (patterned fill) conditions, (b) reaction selectivity for alcohols

under the same conditions.

the most effective photocathode in this study.

Overall, the superior PEC performance of CuO-R can be directly
attributed to its favourable surface morphology, phytochemical-induced
stability, and enhanced photoactivity, as demonstrated by the combined
analysis of powder, electrode, and after-use characterization data. In
addition, the limited presence of residual phytochemicals, as shown by
FTIR and EDS, may contribute to surface passivation by mitigating trap
states and thus support more efficient charge separation during PEC
operation, as proposed in previous studies [95,96]. This passivation
effect likely reduces recombination losses at the CuO surface and en-
hances interfacial charge transfer. The higher photocurrent densities
and more positive onset potential observed for CuO-R (Fig. 7b.) are
consistent with improved charge separation and transport efficiency.
These results suggest that the phytochemical residues from the plant
extract play a beneficial role in tuning the semiconductor—electrolyte
interface. The comparison between CuO-R and CuO-P underscores the
advantages of green synthesis methods, while the weaker performance
of CuO-L and CuO-O highlights the critical influence of the specific
phytochemical profile of each plant extract on the final PEC perfor-
mance [97].

3.4. Product distribution and system efficiency

Fig. 8a. presents the FE of the different measured COy reduction
products (ethanol, methanol, and formate) as a function of the tested
CuO-based photocathodes CuO-P, CuO-R, CuO-L, and CuO-O under both
dark and light conditions at galvanostatic conditions (-10 rnA~cm’2),
while Fig. 8b. highlights the reaction selectivity (S) toward alcohols
(ethanol and methanol) under the same conditions.

Moreover, Table 2 summarize the required external potentials to
achieve the fixed current density, r, and EE for the tested photocathodes
under both illumination and dark conditions.

The CuO-R photocathode, prepared with Salvia rosmarinus extract,
demonstrates a substantial reduction in applied potential from —0.99 V
in the dark to —0.37 V (vs. RHE) under illumination. In the dark,
methanol is the primary product with an FE of 76.2 % and a reaction rate
of 211.9 ymol-m=2.s7! , which is accompanied by formate production at
8.5 % (70.9 pmol-ms7!) and ethanol at 15.3 % (21.2 pmol-m=2.s7%).
Under visible light, methanol remains the dominant product with an FE
of 66.1 % and a reaction rate of 272.6 pmol-m2s™', while ethanol
reaches 33.8 % (69.8 pmol-m™s™) and formate is no longer detected.
These findings are consistent with the reaction selectivity for CuO-R
(Fig. 8b) and the performance metrics summarized in Table 2, where
methanol is the main reduction product, shifting from 73 % in the dark
to 79 % under light, and ethanol selectivity increases from 7 % to 20 %.
The enhanced selectivity and higher reaction rates of CuO-R can be
directly linked to its well-preserved surface morphology and the
phytochemical-induced stabilization observed in the fresh electrode.
The EE improves from 27.8 % in the dark to 39.2 % under illumination
for methanol. Comparatively, studies in CuO/g-C3sN4 photocathodes

demonstrate a FE of 75 % for methanol production with enhanced per-
formance, even though CuO-R shows superior EE with lower external
potentials needed [98,99].

The CuO-L photocathode, synthesized with Laurus nobilis extract,
demonstrates a reduction in applied potential from —0.95 V in the dark
to —0.46 V (vs. RHE), indicating improved EE under light conditions. In
dark conditions, methanol is the primary product with a FE of 65.7 %
and a reaction rate of 161.1 pmol-m=2s™' , while ethanol presents a FE of
29.4 % (36.0 pmol-m2s!) and formate displays a value of 4.9 % (36.1
pmol-m=2.s71). Under light, ethanol becomes the sole product with a FE of
36.9 % and a reaction rate of 31.8 pmol-m=2-s™ . This shift in selectivity
and relatively moderate photocurrent response under illumination are
consistent with the denser particle clustering and partial agglomeration
observed in CuO-L electrodes. These structural features may limit the
number of accessible active sites, contributing to CuO-L’s lower CO,
reduction efficiency compared to CuO-R. The EE improves to 24.6 %.
The moderate change in selectivity under illumination suggests a
weaker photo-response in CuO-L, possibly due to less effective phyto-
chemicals in Laurus nobilis. Studies involving Cuy0-SnOx hybrids report
higher formate production efficiency (FE ~83.3 %) at similar potentials,
suggesting that while CuO-L provides a sustainable synthesis route, it
may require optimization for enhanced CO; reduction performance
[100].

The CuO-O photocathode, synthesized using Origanum vulgare
extract, exhibits the lowest performance. The required potential
decreased slightly from —0.96 V in the dark to —0.80 V (vs. RHE) under
illumination, showing limited improvement in energy efficiency. In dark
conditions, ethanol is the primary product, with a FE of 24.6 % and a
reaction rate of 49.1 pmol-m2-s”! , while methanol and formate are not
detected. Under light conditions, ethanol production increases margin-
ally to 37.4 % with a reaction rate of 74.8 pmol-m=2s™! , while methanol
and formate remain undetected. The limited photocatalytic response
and poor selectivity shift correlate with the irregular morphology and
suboptimal surface uniformity observed in the CuO-O-F electrode. The
relatively low total FE observed for CuO-O can be explained by the
predominance of side reactions, particularly the hydrogen evolution
reaction (HER), which can compete with CO, reduction under PEC
conditions. In addition, energy losses due to charge recombination,
inefficient charge separation, or overpotentials within the PEC system
may also reduce the effective electron utilization for product formation,
as previously reported in similar PEC systems [30,100,101]. In our
previous work on Cu-based electrocatalysts [17], we also observed that
H; was a major competing product, with a FE of 91.1 % for CoH4 and
significant Hy generation (239.7 pmol-m™s™ at —2.5V vs Ag/AgCl),
further confirming the of HER in reducing the total FE of carbon based
products. These structural characteristics may limit charge transfer ef-
ficiency and reduce the availability of active sites, contributing to
CuO-0O’s poor PEC performance. Accordingly, the EE values are lower
than those reached for previous CuO-R and CuO-L photocathodes (8.2 %
in the dark and 13.9 % under illumination), indicating possible energy
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losses, likely due to suboptimal nanoparticle morphology and catalytic
activity resulting from this green synthesis process [102,103].

The results for the chemically synthesized CuO-P photocathode show
a contrast. Under illuminated conditions, the external bias required for
CuO-P photocathode to carry out the CO, reduction decreases from
—0.90 V in the dark to —0.75 V (vs. RHE), resulting in an increase in EE.
In dark conditions, ethanol is the dominant product with a FE of 91.9 %
and a reaction rate of 82.1 pmol-m2-s”! , while formate is present at
8.1 % and methanol was not detected. Under light conditions, ethanol
production exhibited nearly 100 % FE, while formate is reduced to 0.7 %
and methanol remains undetected. The selectivity similarly shifts, with
ethanol increasing from 65 % in the dark to 96 % ethanol under light.
The EE increases from 31.9 % in the dark to 38.2 % under illumination,
where this selectivity appears driven primarily by the electrocatalytic
nature of CuO-P, where its well-defined surface morphology and active
catalytic sites facilitate CO, reduction, showing minimal dependence on
photoinduced mechanisms [104,105]. This behaviour may also be
linked to the presence of Cu™ species on the CuO-P surface, as the lower
annealing temperature (450°C) might preserve a mixed Cu®/Cu®*
oxidation state. Cu+ sites have been reported to enhance C-C coupling
and ethanol production, as they can act as active centers promoting
carbon chain growth during CO, reduction, thereby increasing selec-
tivity toward ethanol over other product. while the fully oxidized Cu?*
surfaces typically lead to methanol or formate production [106,107].

The FE and EE values (Table 2) highlight the superior performance of
CuO-R compared to other CuO- and Cup0-based photocathodes reported
in the literature (Table 3). For methanol production, CuO-R achieves
over 60 % FE under visible light irradiation at an applied potential of
-1.18 V vs. RHE, which is among the highest reported. This compares
favourably with other systems such as CuO/g-C3Ny4 (+0.096 V vs. RHE,
75 % FE for methanol [99]) and CuFe;04/PANI (-0.004 V vs. RHE, 73 %
FE [103]), especially considering the relatively lower external potential
required in our case. Furthermore, unlike CupO/PANI (-0.85 V vs. RHE,
57.6 % FE [102]) or CuO with MOF coatings (-1.22 V vs. RHE [98]),
CuO-R enables alcohol formation at significantly reduced over-
potentials. These comparisons suggest that the green synthesis route
using Salvia rosmarinus not only enhances selectivity toward alcohols,
but also improves energy efficiency. This improvement may be attrib-
uted to beneficial surface properties, enhanced light harvesting, and
photoinduced charge separation inherent to the biogenic synthesis
process [108].

3.5. Post-reaction characterization of used photocathodes

During the electrochemical reaction some impurities are either
completely or partially removed, especially in the case of CuO-P-U, in
which no traces of sodium sulfate are detected after the reaction. This
suggests that the initial chemical synthesis process introduced byprod-
ucts that are washed away during PEC operation, potentially altering the
photoelectrode surface. However, some of the CuO phase was retained
on the photocathode surface, ensuring continued catalytic activity
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(Figs. 9-11. and Fig. S19-20).

Note that the EDS mappings and PXRD performed in used electrodes
(Figs. 10-11 and Fig. S21-24) reveal also the presence of crystallized
electrolyte (KHCO3) formed after extracting the GDEs from the reaction
cell. Further evidence can be found in the relative elemental contents
determined by EDS analysis for fresh and used electrodes (Table S1).

As mentioned, the PXRD analysis of the used electrodes (Fig. 11)
confirms that the CuO phase remains present in all cases. However, its
reflection intensities are significantly reduced, suggesting potential
leaching of the catalytic layer during the reaction. In the chemically
synthesized electrode (CuO-P-U), the previously observed byproducts,
Antlerite (Cus(SO4)(OH).) and sodium sulfate (Na2SO.), are no longer
detected, indicating their loss during the electrochemical process.
Additionally, apart from the characteristic reflections of graphite and
PTFE coming from the carbon paper support, reflections from potassium
bicarbonate (KHCOs, Kalicinite PDF No. 00-012-0292) became
observable, which comes from the electrolyte used in the PEC reaction.

4. Conclusions

CuO NPs are green synthesized using Salvia rosmarinus, Laurus
nobilis, and Origanum vulgare plant extracts, and their effectiveness as
photocathodes for the PEC reduction of CO; is evaluated. The CuO-R
photocathode, derived from Salvia rosmarinus, exhibited the highest
performance, achieving the best faradaic efficiency (66.1 % FE) and
production rate (272.6 pmol-m=2s™) for methanol under visible light,
while requiring the lowest applied potential (-0.37 V vs RHE). This
enhanced performance is directly linked to the favourable surface
properties and enhanced structural stability provided by the phyto-
chemicals present in the plant extract, which facilitated efficient charge
separation, preserved the electrode morphology after continuous oper-
ation, and optimized CO, reduction selectivity towards methanol.

In contrast, CuO-L and CuO-O photocathodes, synthesized using
Laurus nobilis and Origanum vulgare, respectively, showed lower photo-
electrochemical performance, with CuO-L showing a shift towards
ethanol selectivity under illumination and CuO-O maintaining 100 %
ethanol selectivity in both dark and light conditions. The moderate ac-
tivity and structural changes observed in these electrodes highlight the
critical influence of the specific phytochemical profile on nanoparticle
growth, surface morphology, and long-term stability. This emphasizes
the importance of carefully selecting plant sources and understanding
their chemical composition to optimize the properties of green synthe-
sized photocathodes. Comparatively, the chemically synthesized CuO-P
photocathode exhibits a strong electrocatalytic preference for ethanol
production, reaching a FE of 99 % under illumination, while maintain-
ing high structural stability. The distinction between eco-synthesized
photocathodes, which some favoured methanol, and CuO-P, which
strongly favoured ethanol, highlights the impact of synthesis routes on
product selectivity and PEC catalytic mechanisms.

Overall, these findings demonstrate that phytochemical-assisted
synthesis offers a sustainable and efficient route for developing high-

Table 3

Comparative performance of CuO-based photocathodes in PEC CO, reduction.
Photocathode Anode Potential (V vs. RHE) Light source Reaction medium FE (%) Reference
CuO-P Pt -1.18 Visible Light (100 mW/cm?) 0.5 M KHCO3 CoHs0H: 99.25 % This work
CuO-R Pt -1.18 Visible Light (100 mW/cm?) 0.5 M KHCO3 CH30H: > 60 % This work

CoHsOH: 30 %

CuO/CeO, Pt -1.10 - 0.1 M KHCO3 CoHy: 50 % [104]
CuO Pt/C + 0.096 Visible Light 0.1 M NaHCO3 CH30H: 47 % [99]
CuO/g-C3Ny Pt/C + 0.096 Visible Light 0.1 M NaHCO3 CH3OH: 75 % [99]
CuO with MOF coating Pt -1.22 AM 1.5 G illumination 0.1 M TBAPF6 in acetonitrile CO: 95 % [98]
CuO/Cu0 Pt +0.31 AM 1.5 illumination (70 mW/cm?) 0.1 M NaySO4 CH30H: 95 % [109]
Cu0 Pt +0.34 AM 1.5 illumination (100 mW/cm?) 0.5 M KHCO3 HCOO™ 38.5 % [110]
Cuy0/PANI Pt —0.85 Visible Light 0.1 M KHCO3 CH30H: 57.66 % [102]
Cu/p-NiO Pt -0.7 Visible Light 50 mM K,CO3 Low selectivity of HCOO" [108]
CuFey04/PANI Pt —0.004 Visible Light 0.1 M NaHCO3 CH3O0H: 73 % [103]
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Fig. 10. SE (up) end EDS mapping (down) SEM images at 1 kX magnifications for surfaces of the (a) CuO-L-U and (b) CuO-P-U electrodes after 2 h of reaction.

performance photocathodes for PEC CO: reduction. Future work should
focus on exploring a wider variety of plant extracts, correlating specific
phytochemical components to nanoparticle properties, and fine-tuning
deposition techniques to further improve performance and durability.
Such advances could enable the scalable development of eco-friendly
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materials for solar-driven carbon conversion technologies.
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